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RESEARCH MEMORANDUM

ANALYSTIS OF FLUORINE ADDITION TO THE VANGUARD FIRST STAGE

By William A. Tomazic, Harold W. Schmidt, and Adelbert O. Tischler

SUIMARY 28446

The effect of adding fluorine to the Vanguard first-stage oxidant
was analyzed. An increase in specific impulse of 5.74 percent may be
obtained with 30 percent fluorine. This increase, coupled with increased
mass ratio due to greater oxidant density, gave up to 24.6-percent in-
crease in first-stage burnout energy with 30 percent fluorine added.
However, a change in tank configuration is required to accommodate the
higher oxidant-fuel ratio necessary for peak specific impulse with fluo-
rine addition.

Increased performance of this order can be obtained without tank-
configuration change by addition of unsymmetricel dimethyl hydrazine
(UDMH) to the fuel coincident with fluorine addition to the oxidant.
With 30 percent fluorine and approximately 51 percent UDMH, the burnout
energy can be increased 23.5 percent.

Fluorine addition will increase the engine heat-relection rate about
1 percent for each 1 percent fluorine added up to 30 percent. /4L~1! )

INTRODUCTION

This report presents data pertinent to the problem of boosting
rocket performance by adding up to 30 percent liquid fluorine to the
liquid oxygen of an existing oxygen-hydrocarbon rocket engine. This
engine powers the first stage of the Vanguard satellite vehicle. It
develops approximately 27,000 pounds thrust at a chamber pressure of
600 pounds per square inch with a thrust-chamber specific impulse of
258 pound-seconds per pound.

Data on performance and heat rejection of rocket engines using
mixtures of fluorine and oxygen with hydrocarbon fuels are digested
herein. These data, primarily from 1000- and 5000-pound-thrust engines,
are extrapolated to the operating conditions of the 27,000-pound-thrust
Vanguard engine. These estimates of performance and heat rejection
cover the range of O to 30 percent by weight of fluorine in the oxidant.
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The effect of the increased specific impulse and mass ratio due to
adding up to 30 percent fluorine on the energy of the vehicle at burnout
is calculated. Simplified vertical trajectory equations are used. Sev-
eral different methods of loading the propellant tanks, some with tank-
configuration changes and some without, are considered. The effect of
adding unsymmetrical dimethyl hydrazine (UDMH) to the fuel to compensate
for the oxidant-fuel volume ratio shift otherwise necessary to keep the
fluorine-oxygen-hydrocarbon system at peak specific impulse is also
presented.

Operating experiences with fluorine-oxygen mixtures are discussed.
Problems and experience in handling, pumping, and thrust-chamber firing
are reviewed briefly.

SYMBOLS
e, burnout energy, ft-1b force/1lb mass
o gravitational conversion factor, 32.2 ft-1b mass/(1b force)(sec)2
g3 acceleration due to gravity, taken to be 32.2 ft/sec2
by, height at burnout, ft or miles
hpex  maximum height
Ig specific impulse, (1b force)(sec)/lb mass
q heat-rejection rate, Btu/(sec)(sq in.)
tb time of burning, sec
Vy velocity at burnout, ft/sec
We empty weight of vehicle
Wg gross loaded weight of vehicle
Wp welight of propellants

SPECIFIC IMPULSE

Theoretical and experimental data show that significant gains can
be made in the specific impulse of an oxygen-hydrocarbon rocket by the
addition of fluorine to the oxygen.
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Theoretical Data

The theoretical specific impulse for oxygen-fluorine mixtures up to
30 percent fluorine burned with JP-4 is shown in figure 1. These data
were computed at the NACA Lewis laboratory for equilibrium expansion
from 600 pounds per square inch to atmospheric pressure. An increase in
specific impulse of more than 5 percent over that with oxygen and JP-4
is indicated for 30-percent-fluorine concentration. This increase 1s
realized fully only if the oxidant-fuel ratio is shifted to higher values
with increasing fluorine content. For example, the peak theoretical
specific impulse for no fluorire occurs at an oxidant-fuel ratio of 2.43.
For 30 percent fluorine, the peak occurs at an oxidant-fuel ratio of 2.94.

Experimental Data

Published experimental data for a Project Hermes engine comparable
in thrust to the Vanguard first-stage engine are shown in the following
table. The data are for oxygen-gasoline burned at approximately 600-
pounds-per-square-inch chamber pressure (ref. 1):

Thrust, | Chamber |Oxidant- |Specific
1b pres- |fuel impulse,
sure, |ratio 1b-sec/1b
Ib/sq
in. abs
27,800 605 2.18 257
28,000 608 2.33 263
28,200 614 2.08 257

A thrust-chamber specific impulse of 258 pound-seconds per pound
(91% of peak theoretical) is expected at an oxidant-fuel ratio of 2.2
in the Vanguard engine. This oxidant-fuel ratio is considerably lower
than the theoretical value for peak specific impulse of 2.43. The
specific impulse is typical of those currently being obtained with oxygen-
hydrocarbon engines. The performance obtained at the NACA Lewis labora-
tory with a 1000-pound-thrust engine operated at 600-pound-per-square-
inch chamber pressure with O, 30, and 70 percent fluorine in the oxidant
(ref. 2) is shown in figure 2. Peak impulse with no fluorine was approx-
imately 258 pound-seconds per pound. This is again about 91 percent of
the theoretical value. The peak impulse occurred at an oxidant-fuel ratio
of 2.4. With 30 percent fluorine in the oxidant, the peak specific im-
pulse was 278 pound-seconds per pound and occurred at an oxidant-fuel
ratio of roughly 3.2. This value 1s about 93 percent of theoretigal.
With 70 percent fluorine, the peak specific impulse was 287 pound-seconds
per pound, or only about 88 percent of the theoretical peak.
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A 5000-pound-thrust General Electric engine similar in type to the
Vanguard engine was operated with O and 15 percent fluorine (ref. 3) at
350-pound-per-square-inch chamber pressure. The data are shown in figure
3. The specific-impulse values obtained at the best oxidant-fuel ratio
were approximately 92 percent of theoretical at that chamber pressure.

Data obtained by North American Aviation (ref. 4) with a 300-pound-
per-square-inch chamber pressure are shown in figure 4. These data cover
fluorine concentrations of 10, 20, 30, 50, and 70 percent fluorine in the
oxidant. The performance with 10 percent fluorine is 90 percent of theo-
retical. With 30 percent fluorine the performance is 95 percent of theo-
retical. At higher fluorine concentrations the performance again drops
in terms of percent of theoretical. The decrease in efficiency at high
fluorine concentrations may be attributed to the preferential combustion
of fluorine with hydrogen (ref. 5). As the fluorine content reaches
approximately 70 percent, there is insufficient hydrogen with which the
fluorine can combine, and some may even escape unreacted.

Extrapolation of Data to Vanguard Engine Performance

The data presented in figures 2 to 4 indicate that specific-impulse
values of 90 to 95 percent of theoretical for equilibrium expansion can
be achieved with oxygen-fluorine mixtures burned with hydrocarbon fuels.
As fluorine concentrations in the oxidant approach 30 percent, slightly
higher percentages of the theoretical performance have been realized
experimentally. However, for purposes of conservative extrapolation of
these data to the Vanguard engine, a value of 91 percent of the theoretical
specific impulse for equilibrium expansion has been chosen.

The predicted experimental speclfic impulse is shown in figure 5 as
a function of oxidant-fuel ratio and percent of fluorine in the oxidant.
To obtain maximum specific impulse as fluorine percentage is increased
requires an increase in oxidant-fuel ratio.

Use of UDMH in Fuel

It is possible to preserve the volumetric ratio of the oxidant to
the fuel by use of additives to the fuel to compensate for the effect of
fluorine addition in the oxidant. Preservation of the oxidant-fuel
volumetric ratio will prevent extensive modification of the pump and
plumbing system. One such fuel additive is unsymmetrical dimethyl hy-
drazine (UDMH). This fuel is particularly attractive, because 1t also
increases the specific impulse of the propellants.

The effect on specific impulse and oxidant-fuel ratio of adding
various percentages of UDMH to the fluorine-oxygen-hydrocarbon system
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was calculated at the Lewis laboratory. Figure 6 shows 91 percent of
peak theoretical with each propellant combination. The constant volumet-
ric oxidant-fuel ratio corresponding to the present Vanguard configuration
is shown by the dashed curve. Any point on this curve indicates the
specific impulse, the fuel composition, the oxidant composition, and the
oxidant-fuel welght ratio. For example, a thrust-chamber specific im-
pulse of nearly 271 pound-seconds per pound can be obtained with fuel
containing 43 percent UDMH burned with oxygen containing 20 percent fluo-
rine at the volumetric oxidant-fuel ratio of the Vanguard configuration.
These curves are theoretical only, since no experimental data for this
combination of propellants are now available.

The data of figures 5 and 6 as applied to the Vanguard engine are
sumarized in figure 7. This figure shows the increase in specific im-
pulse as a function of the fluorine in the oxidant for three operating
conditions: no volumetric oxidant-fuel-ratio change with hydrocarbon
fuel, optimum oxidant-fuel ratio with hydrocarbon fuel, and no volumetric
oxidant-fuel-ratio change with UDMH-hydrocarbon mixtures. For the third
condition, the amount of UDMH in the fuel for each fluorine-oxidant mix-
ture was that corresponding to the dashed line in figure 6.

Application of Data to Vanguard

The use of fluorine in the Vanguard vehicle offers two separate
advantages in increasing performance: (1) increased specific impulse,
and (2) improved mass ratio (ratio of gross to empty weight) due to
higher oxidant density. Whereas the specific impulse is a function of
the percent fluorine and the oxldant-fuel ratio only, the mass ratio is
also influenced by the manner in which the tanks are loaded. To illus-
trate the advantages of using fluorine, four different cases of tank
loading have been calculated:

Case 1 maintains the original tank configuration and gross weight,
with the oxidant-fuel ratio for each fluorine concentratlion adjusted
for peak specific impulse. To maintain constant gross weight, the fuel
tank is only partially filled. Here, of course, there is no increase in
mass ratio. The increase in vehicle performance is due solely to specific
impulse.

Case 2 retains the original tank configuration with both tanks
filled. Gross weight changes in this case. The oxidant-fuel mass ratio
also changes slightly because of the increasing density of the oxidant
as fluorine concentration increases. The oxidant-fuel ratio is less than
that required for peak specific impulse.
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The third method of loading {case 3) requires a change in tank
configuration to maintain total propellant volume but with individual
fuel and oxidant volumes changed to give the oxidant-fuel ratio for maxi-
mum specific impulse in each case. With full tanks, this method gives
the highest mass ratio.

Case 4 considers the effect of UDMH added to the fuel. As mentioned
previously, a concentration of UDMH in the fuel may be chosen for each
fluorine-in-oxygen concentration to give the oxidant-fuel ratio for
peak specific ijmpulse without changing the volume ratio of the tanks.
Because the densities of the UDMH and the hydrocarbon are nearly identical
there is negligible change in mass ratio over case 2, The improvement
in vehicle performance over case 2 is due entirely to increased specific
impulse.

The effect of fluorine addition on vehicle performance can be il-
lustrated by calculating burnout energies (maximum height) for a simpli-
fied zero-drag vertical trajectory for the first stage from the following -
equations:

—_ 2 -
ey Vg
gc ch

2
We We -t
hb=gct-bIs<1+@lnw—)—ng
Wg
Vp = 8cIg In 7= - gty

Because this calculation does not give correct absolute results, the
comparisons are made in terms of percent increase in vehicle energy at
burnout. Engineering problems may also necessitate compromises in ratio
of thrust to gross weight. Such compromises are beyond the scope of
this survey. To help round out the picture, two sets of calculations
for each propellant loading case were carried out: (1) for the same
thrust for all cases, and (2) for a ratio of thrust to gross weight of
1.2 for all cases. This acceleration is the value of the existing Van-
guard configuration (ref. 6). Constant engine thrust and specific im-
pulse are assumed throughout a flight.

For the rated engine thrust of 27,000 pounds (ref. 6), the percent-

age increase in the total energy of the first stage at burnout for all
cases is shown in figure 8(a) as a function of concentration of fluorine
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in the oxidant. With 30 percent fluorine in the oxidant the increase in
first-stage final energy varied from 10.8 percent for case 2a (fixed tanks,
nonoptimum oxidant-fuel ratio) to 16.7 percent for case 4a (UDMH and JP-4
burned with fluorine and oxygen at fixed volumetric oxidant-fuel ratio).
In all cases the curves do not intersect the origin, because the initial
or reference oxidant-fuel ratio is not at the theoretical optimum oxidant-
fuel ratio.

The second set of calculations was made with the initial acceleration
of each vehicle assumed to be 0.2 g; for each case. This decreases

burning time as compared with the first set of calculations. The re-
sults are given in figure 8(b). In this set of calculations the percent
increase in total energy varied from 11.8 percent for case 1 to 24.6
percent for case 3b with 30 percent fluorine in the oxidant. Cases 3b
and 4b (i.e., the cases of the adjustable relative tank volumes and the
UDMH and JP-4 with fluorine and oxygen at fixed volumetric oxidant-fuel
ratio) gave very nearly identical results (23.5% increase in ep for

case 4b) under the assumption of fixed initial acceleration. Results
of these calculations are presented in tables I and II.

PROBLEMS IN USING FLUORINE
Heat Rejection

Two factors affecting the heat rejection in a rocket engine using
fluorine-oxygen mixtures with hydrocarbon fuel (at constant chamber
pressure) are the oxidant-fuel ratio and the percent fluorine in the
oxidant. Experimental data from several rocket engines burning hydro-
carbon fuel with oxygen or fluorine-oxygen mixtuvres are shown in figures
9(a) to (c). These figures illustrate the effcct of the oxidant-fuel
mixture ratio on the heat rejection. Heat-rejection data for 5000- and
18,000-pound-thrust gasoline-oxygen engines, similar in design to the Van-
guard engine, are shown in figure 9(d) (ref. 7).

The values for the rate of heat rejection in figure 9(a) are for a
1000-pound-thrust engine operated at a chamber pressure of 600 pounds
per square inch (ref. 2). The values in figure 9(b) are for 3000- and
5000-pound-thrust engines at chamber pressures of 300 and 500 pounds per
square inch, respectively (ref. 4). The fact that the heat-rejection
rates in both cases are of about the same magnitude, despite chamber-
pressure differences, may be attributed to the "hotter" injectors used
in the larger engines.

The difference in values of the heat rejection between 30 and 70
percent fluorine is approximately 0.6 Btu/(sec)(sq in.) and is consistent
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between figures 9(a) and (b) over a range of oxidant-fuel ratio, as

shown by the following table: »
Oxidant-| Per- | Heat- Aqg, Heat- Aq,
fuel cent |rejection |Btu/(sec)|rejection |Btu/(sec)
ratio f%uo— rate, q, (sq in.) rate, q, (sq in.)
rine |Btu/(sec) Btu/(sec)
(sq in.) (sq in.)
(fig. 9(a)) (fig. 9(v))
3.0 30 2.10 1.95
20 2. 65 0.55 o .45 0.50
3.2 30 2.25 2.10
70 2.75 0.50 2.60 0.50
3.4 30 2.45 2.25
70 3.10 0.65 .80 0.55 .
3.6 30 2.70 2.45
70 3.30 0.60 3.15 0.70 "

The rates of increase in heat rejection with oxidant-fuel ratio for
fluorine-oxygen-hydrocarbon engines in figures 9(a) and (b) are also
comparable. They approximate an increase of 0.1 heat~transfer unit
(Btu/(sec)(sq in.)) per 0.1 oxidant-fuel-ratio unit for 30 percent fluo-
rine. This can be shown by subtracting the heat-rejection rates at
consecutive oxidant-fuel ratios in the preceding table.

A cross plot of data from faired curves of figure 9(a), illustrating
the effects of fluorine content as well as oxidant-fuel ratio, is shown
in figure 10. These data were considered to be most representative,
since they included the widest range of fluorine content unaffected by
variations in hardware. The dominating effect of oxidant-fuel ratio on
heat rejection is shown by this plot.

Data from figure 10 were used to plot the predicted percent increase
in heat-rejection rate for the Vanguard first-stage engine in figure 11.
This figure then predicts the percent increase in heat rejection that can
be expected at any oxidant-fuel ratio for fluorine concentrations up to
30 percent, in terms of the heat-rejection rate without fluorine in the
oxidant. The heat-rejection rate at an oxidant-fuel ratio of 2.2 and O
percent fluorine is taken as the reference point on this plot.

Figure 11 indicates that a 30-percent increase 1in heat rejection
will result from using 30 percent fluorine in the oxidant with hydro-
carbon fuel at the oxidant-fuel ratio for highest specific impulse.

QO v
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No experimental heat-rejection data are available for simultaneous
fluorine and UDMH addition to hydrocarbon-oxygen propellants.

Operating Experience with Fluorine

The addition of fluorine introduces problems new to oxygen-hydrocarbon

engine systems. Its corrosivity causes severe bearing and seal problems.
It is toxic in both its elemental state and as hydrogen fluoride, the
most common combustion product. However, fluorine can be handled safely
with proper care.

In dilute fluorine-oxygen solutions, the effects mentioned are
somewhat attenuated. In reference 3, Teflon parts were used in the
flow lines exposed to a 15-percent-fluorine - 85-percent-oxygen mixture.
These parts deteriorated only very slowly. Teflon exposed to a flow
of pure fluorine disintegrates very rapidly. At present, however,
quantitative knowledge of the corrosivity of low-concentration fluorine-
oxygen mixtures is very meager.

Seals. - The problem of static and rotating seals for fluorine use
has been extensively investigated (ref. 8). The behavior of a number
of materials, both plastic and metallic, was studied in test rigs and
also as pump-shaft seals, impellers, and volutes during rocket test
firings. In general, the resistance of metallic materials to fluorine
is excellent. To date, however, no plastic has been found entirely
suitable for use with liquid fluorine. Materials such as Kentanium (a
cermet of titanium carbide and powdered nickel), Norbide (boron carbide),
nitralloy, and hard chrome plate have been found satisfactory for use
in fluorine pump-shaft seals where rubbing or surface friction exists.
Labyrinth-type shaft seals have been tested in liquid fluorine with
satisfactory results. These consisted of soft tin and silver liners
with an interference fit on a serrated stainless-steel pump shaft.
Operational failures occurred, however, if the liner materisl was not
completely free of impurities or if there was excessive mechanical in-
terference between the pump impeller and the labyrinth liner. Pure
liquid fluorine has been successfully pumped in a small centrifugsl pump
using these metallic seals. On the basis of this work, it would seem
quite possible to pump low-concentration fluorine-oxygen mixtures in
rocket-engine systems.

Handling. - Because of its toxicity, fluorine must be handled in
enclosed systems. To prevent boiloff, liquid-fluorine tanks can be
suspended in liquid-nitrogen baths. A transportable system capable of
storing liquid fluorine indefinitely under liquid nitrogen has been
developed (ref. 9), and loss experiments have been conducted (ref. 10).
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In the case of missile tanks, however, nitrogen Jjacketing would be
impractical. Here precooling of the oxidant and the use of a discardable .
reflux condensor on the vent line may offer an answer.

Another unsolved problem is the disposal or dispersion of toxic
fluorine exhaust products at vehicle takeoff. It seems that the best
solution would be to keep the surrounding area clear of personnel during
takeoff and until the residual exhaust fumes have dispersed to a safe
concentration. More study of this problem is needed.

anNnv+vy

CONCLUDING REMARKS

The predictions of specific impulse and heat-rejection rates re-
sulting from the use of fluorine in the oxidant of an oxygen-hydrocarbon
rocket system are based on limited experimental data. The experimental
data indicate that specific-impulse values of 91 percent of the theo-
retical value of equilibrium expansion can be achieved. Predictions of
Vanguard vehicle performance based on these specific-impulse values
show that gains in vehicle energy at first-stage burnout up to 24.6 per-
cent can be realized by adding fluorine to the oxidant. To fully realize .
the potential gain in performance necessitates operation at increasing
oxidant-fuel mass ratios as the fluorine concentration 1s increased.
This, of éourse, may introduce cooling problems as well as necessitate
pump and plumbing redesign. The use of UDMH in the fuel in addition to
the fluorine in the oxidant can reduce the necessity for extensive
plumbing changes while preserving and even enhancing the performance.

An increase of 6.79 percent in specific impulse can be obtained this way
compared with 5.74 percent obtained at optimum oxidant-fuel ratio without
UDMH.

The increase in heat-rejection rate as fluorine is added to the
oxidant may be expected to be about 1 percent per percent of fluorine
added at oxidant-fuel ratios corresponding to peak specific impulse.

The increase 1s due primarily to shift of the optimum oxidant-fuel ratio
to higher (hotter) values rather than due to the fluorine itself. There
is a considerable margin of coolant heat-capacity reserve at the heat-
rejection rates anticipated. No heat-rejection data are available for
UDMH - JP-4 mixtures with fluorine-oxygen mixtures.

Pure liquid fluorine has been pumped previously. Therefore, the
development of seals in flow systems for the dilute fluorine in oxygen
solutions appears to offer no insurmountable difficulties. Storage
vessels for liquid fluorine have also been developed. Loadlng techniques
and exhaust-gas disposal are problems requiring study and development.

—
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SUMMARY OF RESULTS

The vehicle performance increase resulting from the addition of
fluorine to the Vanguard first-stage oxidant was calculated for a zero-

drag vertical trajectory.

The following table lists the burnout-energy

increase for fluorine addition:

Case Fluorine|Increase
in in
oxidant, {burnout
percent |energy,

percent
1 Fixed vehicle gross weight; 10 4.15
optimim oxidant-fuel ratio; 20 7.98
constant thrust and initial acceleration| 30 11.82
2a Fixed tank configuration; 10 3.25
nonoptimum oxidant-fuel ratio; 20 6.93
constant thrust 30 10.75
Zb Fixed tank configuration; 10 5.16
nonoptimum oxidant-fuel ratio; 20 11.03
fixed initial acceleration 30 17.24
3a Fixed total tank volume; 10 5.46
optimum oxidant-fuel ratio; 20 10.27
constant thrust 30 15.23
3b Fixed total tank volume; 10 8.59
optimumm oxidant-fuel ratio; 20 16.33
fixed initial acceleration 30 24 .55

In order to avoid both the changes in tanks and the changes in
volumetric flow ratio necessary for peak performance with fluorine
addition to the oxidant, UDMH may be added to the fuel. The following
table shows the effect of combined UDMH and fluorine addition:

Case Fluorine in|{UDMH in|Increase in
oxidant, fuel, |burnout energy,

percent percent percent

4a Fixed tank configuration; 10 33.8 6.97
optimum oxidant-fuel ratio; 20 43.1 11.78
constant thrust 30 51.4 16.67
4b Fixed tank configuration; 10 33.8 8.78
optimum oxidant-fuel ratio; 20 43.1 16.06
fixed initial acceleration 30 51.4 23.50
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Experiments show that fluorine addition will increase the engine
heat-rejection rate about 1 percent for each 1 percent fluorine added .
up to 30 percent. The use of UDMH 1in addition will probably not sub-
stantially alter thils figure, although tests have not yet been made.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, November 23, 1956
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Figure 6. - Predicted specific impulse as function of oxidant-fuel
ratio with fluorine and UDMH addition to Vanguard first-stage
thrust chamber (91% specific-impulse efficiency assumed).
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Figure 8. - Predicted increase in burnout energy with
fluorine addition for Vanguard first stage.
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Figure 8. - Concluded. Predicted increase in burnout energy with fluorine
addition for Vanguard first stage.
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